The article provides the results of experimental studies of the effect of air introduction into a gasifier, the fuel particle size, and the recovery zone height on a content of carbon monoxide in wood gas. The mathematical models of wood gas formation presented in the scientific research have uncertain boundary conditions. For adequate use of the mathematical models numerous hypotheses are needed. Therefore, it is essential to acquire experimental data in the actual range of gasifier operation parameters. The research of influence of the gasifier design and operation parameters on the concentration of carbon monoxide in wood gas was conducted in the laboratory using a specially developed plant. The plant consisted of a gasifier with adjustable height of recovery zone and centrifugal air blower with adjustable rate of air introduction into the gasifier. The downdraft gasifier with combined combustion and recovery zones was used. These zones had a diameter of 200 mm. The thermal power of the gas generator was 5 kW. Hardwood with different size range was used as the raw material. The results of the experimental study lead to the establishment of rational values of the recovery zone height that provide the maximum concentration of carbon monoxide at various values of the fuel particle sizes and introduction of air into the gasifier.
INTRODUCTION
Significant emission of greenhouse gases from the burning of fossil fuels (natural gas, diesel fuel, coal, etc.) encourages people to switch to renewable energy sources [1] . A range of new equipment types has emerged, which uses pellets, briquettes, coils, and bales of ear-forming cereal crop straw and miscanthus, sunflower husks, sawdust, wood chips, firewood, etc. [2] . However, the direct combustion of plant biomass causes difficulties associated with the heterogeneity of biomass, the relatively high moisture content, low energy density, and low melting point of ash. Therefore, to obtain a stable flow of energy to the consumer by burning plant biomass the use of gasifiers, which thermo-chemically convert solid biomass to combustible gas referred to as wood-gas, would be appropriate [3, 4] . A research was carried out by Anukam et al. [5] showed that, wood gas is used as fuel for internal combustion engines and also wood gas from biomass is more effective than usual biomass burning.
Susastriawan et al. [6] studied small-scale downdraft gasifiers and concluded that because of an elaborate geometric form there are grate blocking, channeling and bridging. Sheth and Babu also studied small-scale downdraft gasifiers [7] and determined the effects of the technological parameters of the process on the producer gas quality. But they did not study the effects of the mechanical specifications on the producer gas quality and quantity. The effects of the components of subsystem of the gasifier on the quality of the received wood gas have been studied [8] . But there is no research concerning the effects of the mechanical specifications of the recovery zone on the working process of the gasifier. A number of studies substantiates the qualitative composition of wood gas based on wood biomass, biomass of agricultural origin and of coal depending on the percentage of producer gases [9, 10] . But Ratnadhariva and Channiwala [9] did not study the mechanical specifications of the working zones of a gasifier. De Mena et al. [10] pay attention to the technological process of producer gas generation and its further use, but they do not study the construction of a downdraft gasifier. The paper [11] describes the study of the effects of the working temperature in the oxidation and recovery zones on the composition of the received gas but it does not give the mechanical specifications and the geometric parameters of the working zones of a gasifier. The research [12, 13] detects the regime of air supply and studies its effects on the process of gas generation, but there is no research concerning the interrelationship of the air supply regimes and the geometric parameters of the working zones of the gasifiers. The paper [14] studied the effects of the equivalence ratios and the gasification temperatures of the municipal waste, but the above mentioned parameters did not correspond with the geometric size dimensions of the working zones of a gasifier.
In the operation process of the gas generator the air through the fume belt is brought to the combustion zone located in the middle part of the gas generator. The combustion zone is located under the recovery zone. In the combustion zone, oxygen in air reacts with the wood carbon forming CO2. From the combustion zone CO2 enters the recovery zone, where at the temperature of 900-1,100 °C the process of recovering part of СО2 as СО takes place. As a result, we obtain wood gas which mainly consists of CO and nitrogen from air [3, 4] . Although wood gas has a low heat of combustion, the process of its receipt is characterized by high stability [4, 15] .
Implementation of experimental research studies for identifying the mechanisms of producer gas formation is difficult due to the complexity of interactions, the diversity and transience of the corresponding processes [16, 17] . On the other hand, mathematical models of producer gas formation presented in scientific studies have uncertain boundary conditions. For adequate use of mathematical models, a variety of hypotheses is required to emulate the practical behaviour. Therefore, it is essential to acquire experimental data in the actual range of gasifier operation parameters to model the characteristics. The analysis of the research studies for downdraft gasifier also demonstrates that the recovery zone height plays an important role in the formation of producer gas [6, 18] , since in the recovery zone, Carbon dioxide (CO2) reacts with carbon to form Carbon monoxide (CO). During gasification, hydrogen and methane are also formed in addition to CO. This is especially true for gasification of wet wood. However, the use of dry wood simplifies the process of optimizing the gasifier design. In some research studies the rational height of the recovery zone is estimated in order to comply with the rational temperature regime of the recovery reaction [11] .
Though the research [19, 20] proves that the gasifier construction is of great importance, it does not determine the effects of the recovery zone height on the process of gas generation. In our opinion, the optimum height of the recovery zone also depends on the mode of supply of the oxidant (air) to the active zone of the gasifier and on the size fraction of fuel. However, in practice there are no multifactorial studies of the effect of the recovery zone height on the quality of the wood gas, depending on the size of the fuel particle and air introduction into gasifier, when the combustion zone and the recovery zone of the gasifier have the same diameter without design barriers for fuel movement.
The aim of the present study is optimization of the gasifier recovery zone height when the gasifier combustion and recovery zone have the same diameter without design barriers for fuel movement and when as a criterion for optimizing the height of the gasifier recovery zone the CO concentration was used. The production of wood gas which consist of CO and air nitrogen was provided by the dried wood burning.
MATERIALS AND METHOD
The research of the influence of design parameters and operation of downdraft gasifier on the concentration of CO in producer gas, when combustion and recovery zone have the same diameter without design barriers for fuel movement, was conducted in the laboratory using a model plant. The plant consisted of a gasifier (item 5) with adjustable recovery zone height, air blower (item 2) with adjustable rate of air introduction into the gasifier, mixer (item 10) equipped with a centrifugal air intake fan and other components, as illustrated in Figure 1 . The air introduction into the gasifier is provided with an air blower ( Figure 1 , item 2), is used to control the air flow rate into the gasifier. The air speed at the inlet pipe of the gasifier was measured by the anemometer. General view of the experimental plant is shown in Figure 2 .
In relation to the geometrical properties of the biomass fuel, uniform cubical shape with three different sizes of side 10 mm, 40 mm and 70 mm were used (see Figure 3) . The gasifier grate was moved along the axis of the recovery zone by means of a special device, as shown in Figure 4 , allowing changing the recovery zone height in the range from 5 mm to 151 mm. Recovery zone diameter was 200 mm.
For measuring the concentration of CO a gas analyzer (Infrakar-M2T) was used with a measuring range of 0 to 7% CO concentration. Since the measurement range of the gas analyzer used was insufficient, it was necessary to reduce the concentration of CO within certain limits. For this purpose, a mixing arrangement (Figure 1 , item 10) was used, ensuring efficient mixing of producer gas from the gasifier and the air that was introduced from the surrounding environment with the help of a centrifugal air intake fan. The intervals of values and variation levels of the investigated factors are given in Table 1 . For the present research study the D-optimal Box-Behnken experiment design methodology is used. Assessment of the heterogeneity of variance of the experimental data was evaluated by Cochran criterion, the significance of regression equation coefficients was estimated by Student criterion, the adequacy of the obtained regression equation was evaluated by the Fisher criterion.
RESULTS AND DISCUSSION
The results CO volumetric concentration measurements are shown in Table 2 . The Cochran criterion amounted to G = 0.112 and was less than its table value GT = 0.335 at a confidence level of 95%. This indicates the heterogeneity of variance of the experimental data. The Fisher criterion at a confidence level of 95%, amounted to F = 2.38 and was less than its table value FT = 2.53, indicating the adequacy of the regression equation obtained.
Based on the experimental data analysis, namely of the influence of the linear fuel particle sizes (lf), the air introduction into the gasifier (qg) and the recovery zone height (hr) on the CO concentration in producer gas (nCO), the following empirical mathematical dependence was obtained: nCO = −3.588 + 0.065lf + 1,311.589qg + 0.233hr − 0.001hr 2 − 22.280lfqg − 0.001lfhr + 5.244qghr (2) Graphical experimental dependence of the change of CO concentration on the particle size as a function of the air introduction into the gasifier is shown in Figure 5 .
In terms of reduction of the linear particle size, CO concentration in producer gas increases and reaches its maximum value 27% at the size of 10 mm. Scientific explanation of this: an increase of the total contact area of coal, located in the recovery zone with CO2 entering from the recovery zone. And as a consequence -the more intense the recovery reaction proceeds. The further reduction in the linear particle size is undesirable due to the design features of the operation of producer gas gasifier as the fuel with the smaller particle composition will spill through the holes of the grate, while reducing the size of the grate holes causing clogging and a sharp decrease in capacity relative to the air introduction into the gasifier recovery zone. In the study [18] it is also confirmed the increase in the CO concentration from 20 to 25% when using the fuel particle size of 30...50 mm when compared to the fuel particle of 100...150 mm. Unlike most studies, for example [18, 19] , the impact of the volumetric air introduction, not of its velocity, on the CO concentration was estimated. With increasing air supply, the CO concentration in producer gas increases (Figure 6 ), and with decreasing raw material particle size the increase in concentration is more intense. The increase in air introduction 0.0012 m 3 /s above maximum values of the experiment is difficult due to the gasifier design features, namely the danger of reaching a temperature of thermal destruction of the gasifier housing. We also obtained the dependencies of the CO concentration on the recovery zone height at the minimum, average and maximum air introduction (Figures 7, 8, 9 ). At the minimum air introduction 0.00088 m 3 /s the optimal values of the recovery zone height were as follows: particle size of 10 mm -from 105 to 130 mm, particle size of 40 mm -from 100 to 125 mm, and particle size of 70 mm -from 55 to 105 mm. With an average air introduction 0.00628 m 3 /s, the optimal values of the recovery zone height were as follows: particle size of 10 mm -from 125 to 140 mm, particle size of 40 mm -from 105 to 130 mm, and for the particle size of 70 mm -from 80 to 125 mm. At the maximum air introduction 0.01168 m 3 /s, the optimal values of the recovery zone height were as follows: particle size of 10 mm -from 130 to 150 mm, particle size of 40 mm -from 110 to 135 mm, and for the particle size of 70 mm -from 100 to 125 mm.
Dependencies of the CO concentration on the recovery zone height with the minimum, average and maximum fuel particle size are shown in Figures 10, 11 and 12 . Figure 10 . The dependence of the CO concentration on the recovery zone height at the minimum value of fuel particle size -10 mm
At the minimum value of the particle size 10 mm the optimal values of the recovery zone height were as follows: for the minimum air introduction -from 105 to 130 mm, for the average air introduction -from 125 to 150 mm, and for the maximum air introduction -from 130 to 150 mm. Figure 11 . The dependence of the CO concentration on the recovery zone height at the average fuel particle size -40 mm
At the average particle size 40 mm, the optimal values of the recovery zone height were as follows: for the minimum air introduction -from 100 to 105 mm, for the average air introduction -from 105 to 130 mm, and for the maximum air introduction -from 135 to 145 mm. At the maximum value of the particle size 70 mm, the optimal values of the recovery zone height were as follows: for the minimum air introduction -from 75 to 90 mm, for the average air introduction -from 100 to 110 mm, and for the maximum air introduction -from 105 to 135 mm.
Thus, the optimum of the recovery zone height is determined by the air introduction into the gasifier and the fuel particle size. The air introduction into the gasifier and the amount of fuel particle size determines the gas speed through the recovery zone. Reducing the concentration of CO at excessive increase of the recovery zone height is the result of the deterioration of the carbon availability for the CO recovery. When the recovery zone height is increased the carbon concentration in the lower part of the recovery zone is decreased. It also decreases its availability to participate in the recovery reaction. At the recovery zone end we have almost ashes. The overestimated height of the recovery zone only creates additional resistance to the passage of gas. There is also a Recovery zone height [mm] lowering the temperature in the lower part of the recovery zone and increasing the general aerodynamic resistance of the recovery zone. On the basis of experimental data an equation was obtained that allows setting the optimal value of the height to diameter ratio of the recovery zone (hr/dr) ensuring the maximum CO concentration depending on the surface area to the volume ratio (SVR) and equivalence ratio of air introduction into the gasifier (ER):
hr/dr = 0.1484 + 2.7211SVR + 0.9184ER -3.32SVR 2 -0.0296SVR ER -1.3936ER 2 (3) This equation is graphically shown in Figure 13 . As a result of experimental studies of the influence of linear sizes of fuel particles (lf), the air introduction into the gasifier (qg) and the recovery zone height hr on the CO concentration in combustible gas (nCO) they were determined the optimal values of the recovery zone height. Optimal height provid the maximum CO concentration at various values of the fuel particle size and air introduction into the gasifier which are described by eq. (3), composed on the basis of experimental studies. Figure 13 . The dependence of the optimal values of the height to diameter ratio of the recovery zone on the surface area to the volume ratio and equivalence ratio of air introduction into the gasifier
The obtained concentrations of CO in producer gas in compliance with the optimal values of the recovery zone height are in the range from 14 to 29.9%, which corresponds to CO concentrations obtained in the studies [15, 19, 20] and others. The optimal values of the height to diameter ratio of the recovery zone obtained in the result of the research lie in the range from 0.27 to 0.78 which generally corresponds to a height of the recovery zone with optimal temperature regime obtained in the studies [18, 21] . 
